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(Mini) split supersymmetry explains the observed Higgs mass and evades stringent constraints,
while keeping good features of TeV-scale supersymmetry other than the little hierarchy problem.
Such scenarios naturally predict thermal wino dark matter whose mass is around 3 TeV. Its non-
perturbatively enhanced annihilation is a promising target of indirect detection experiments. It is
known that identifying the smallest halos is essential for reducing an uncertainty in interpreting indi-
rect detection experiments. Despite its importance, the smallest halos of thermal wino dark matter
have not been well understood and thus are investigated in this work. In particular, we remark on
two aspects: 1) the neutral wino is in kinetic equilibrium with primordial plasma predominantly
through inelastic processes involving the slightly heavier charged wino; and 2) the resultant density
contrast shows larger powers at dark acoustic oscillation peaks than in cold dark matter, which is
known as an overshooting phenomenon. By taking them into account, we provide a rigorous esti-
mate of the boost factor. Our result facilitates accurately pinning down thermal wino dark matter
through vigorous efforts in indirect detection experiments.
PACS numbers: 95.35.+d
I. INTRODUCTION
The identity of dark matter and the origin of elec-
troweak symmetry breaking are big mysteries of mod-
ern particle physics. A prominent possibility of address-
ing these two issues is supersymmetry. Supersymmetry
controls a scalar potential by relating the scalar with
a partner fermion. Electroweak symmetry breaking is
insensitive to higher energy physics through the non-
renormalization theorem and is driven predominantly by
supersymmetry breaking. Furthermore, supersymmetry
provides the lightest supersymmetric particle as a dark
matter candidate.
In particular, (mini) split supersymmetry [1–3] (see
also Refs. [4–8]), where scalar (other than the Higgs bo-
son) masses are O(100–1000) TeV and fermion masses
are O(0.1–1) TeV, attracts growing interest. Heavy
scalars and gravitino evade the constraints from col-
lider searches, flavor physics, and cosmological problems,
which TeV-scale supersymmetry suffers from, although
supersymmetry breaking scale is mildly far from the elec-
troweak scale (little hierarchy problem). Light gauginos
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drive a precise grand unification [9, 10] and also provide
experimental windows on this framework. The anomaly
mediation contribution [11, 12] is a promising dominant
source of gaugino masses, where the wino is the light-
est supersymmetric particle. In the following, we con-
sider pure wino-like dark matter, where the higgsino is
as heavy as scalars and the gauge interaction dominates
the interaction of the wino. The neutral wino χ0 is
accompanied by the slightly heavier charged wino χ±.
The mass difference is dominated by a loop contribu-
tion, ∆mχ = mχ± −mχ0 ' 160–170 MeV [13–16]. The
charged wino is thus long lived and leaves significant sig-
nals such as a disappearing track in projected high-energy
colliders [17–23].
The wino thermal relic explains the observed dark mat-
ter abundance when mχ ' 2.7–3.0 TeV [24–28]. Its anni-
hilation cross section is enhanced in the present Universe
by a non-perturbative effect, known as Sommerfeld en-
hancement [29–32]. This is why thermal wino dark mat-
ter has been and is encouraged to be intensively searched
in indirect detection experiments [33–43] as a clue to split
supersymmetry. To lay siege to wino dark matter by ac-
cumulating all these efforts, reducing theoretical uncer-
tainties is crucial. For example, infrared divergences and
associated resummation for the wino annihilation cross
section to electroweak gauge bosons have been studied
intensively [44–51].
This article is devoted to providing better knowledge
on the smallest halos of thermal wino dark matter. It
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2would play an essential role in reducing a theoretical un-
certainty arising from enhancement of the annihilation
rate through dark matter clumping [52–55]. This en-
hancement is called a flux multiplier and is very signifi-
cant especially in extragalactic gamma-ray searches [56–
62]. Once a cross-correlation with large-scale structure
of the Universe is taken as recently proposed [63–70], the
clumping uncertainty is reduced to a boost factor. We
are encouraged by its promising potential to pin down
wino dark matter [42], since the cross-correlation with
large-scale structure will be statistically improved in near
future wide-field surveys.
There have been attempts to determine the smallest
halos in supersymmetric dark matter [71–76] and even
particularly in wino dark matter [77]. However, pre-
vious literatures did not appreciate the fact that what
keeps wino dark matter in kinetic equilibrium with pri-
mordial plasma is not elastic processes but inelastic ones
unlike typical bino dark matter. Indeed it is known that
the wino-nucleon scattering cross section is suppressed
in the decoupling limit of the higgsino, while loop contri-
butions barely keep the cross section just above the neu-
trino background in direct detection experiments [78–84].
This subtlety on wino dark matter kinetic decoupling has
been studied for the temperature evolution in Ref. [85],
but not yet for the evolution of the primordial density
contrast, which determines dark matter clumping in the
present Universe.
As we see, the fact that wino dark matter is kinetically
equilibrated through an inelastic process results in an en-
hanced oscillation of the matter power spectrum, which
originates from “overshooting” [86–88]; namely, dark
acoustic oscillation peaks have a larger power than the
density contrast of cold dark matter. This overshooting
phenomenon was discovered for the first time in the study
of electromagnetically charged dark matter in Ref. [86]
and confirmed by Ref. [87]. Its underlying physics was
clarified in Ref. [88]. Our present work demonstrates that
overshooting of the matter power spectrum can be seen
broadly in minimal dark matter [89, 90], although we
focus on wino dark matter.
II. RELEVANT PROCESSES
Elastic scattering of the neutral wino in late-time ther-
mal bath, long after the wino freezes out, is suppressed
in the decoupling limit of the higgsino [91, 92]. The lead-
ing contribution arises from a one-loop diagram with W -
boson exchange [92]. The collision term for the neutral
wino phase space distribution fχ0 can be approximated
by the Fokker-Planck form [93],
1
E
Cχ0,ela ≈ gχ0γela ∂
∂p
·
[
mχT
∂
∂p
fχ0 + (p−mχu)fχ0
]
,(1)
with the three momentum of the wino p, the temper-
ature T , and the bulk motion u of the thermal bath.
gχ0 = 2 is neutral wino internal degrees of freedom. The
momentum transfer rate γela is given by
γela = 8
100
pi3
g2loopG
4
Fm
4
W
T 6
mχ
, (2)
with the Fermi constant GF ' 1.2 × 10−5 GeV−2, the
W -boson mass mW ' 80 GeV, and
gloop =
1
3pi2
(
2(8− ω − ω2)
√
ω
4− ω arctan
(√
4− ω
ω
)
−ω (2− (3 + ω) lnω)) , (3)
with ω = m2W /m
2
χ. As we see, this elastic process is sub-
dominant when compared to inelastic processes in keep-
ing the neutral wino in kinetic equilibrium with the heat
bath.
A key observation is that the charged wino is in kinetic
equilibrium with the heat bath through efficient electro-
magnetic interactions; and thus its phase space distribu-
tion follows
fχ±(p) ≈
nχ±
gχ±
(
2pi
mχT
)3/2
exp
(
− (p−mχu)
2
2mχT
)
, (4)
where gχ± = 4 is charged wino internal degrees of free-
dom. Resultantly, inelastic processes between the neutral
wino and charged wino can keep the neutral wino in ki-
netic equilibrium with the heat bath.
Furthermore, a kick momentum through the mass
deficit in an inelastic process is negligible when com-
pared to a typical wino momentum ∼ √mχT until a
very late time, T ∼ 10 keV, since the wino mass differ-
ence ∆mχ ' 160 MeV is much smaller than the wino
mass mχ ' 3 TeV. The collision term can be approxi-
mated by a pure conversion from [85],
1
E
Cχ0,inela ≈ gχ±(Γdec + Γinela)
(
fχ± − fχ0e−∆mχ/T
)
.
(5)
There are two contributions: decay,
Γdec ≈ f
2
piG
2
F |Vud|2
pi
∆m3χ
√
1− m
2
pi±
∆m2χ
, (6)
where fpi ' 130 MeV is the pion decay constant, mpi± '
140 MeV is the charged pion mass, and |Vud| ' 0.97 is the
first generation diagonal component of the CKM matrix;
and inelastic scattering,
Γinela ≈ 28G
2
F
pi3
T 3
(
∆m2χ + 6∆mχT + 12T
2
)
. (7)
We remark that the inelastic reaction rate for the
charged wino, Γdec +Γinela, is much larger than the Hub-
ble expansion rate H. Resultantly, the charged wino is in
3chemical equilibrium with the neutral wino. Wino num-
ber densities,
nχ± = gχ±
∫
d3p
(2pi)3
fχ± , nχ0 = gχ0
∫
d3p
(2pi)3
fχ0 , (8)
satisfy
nχ± ≈
gχ±
gχ0
nχ0e
−∆mχ/T , (9)
n˙χ0 + 3
a˙
a
nχ0 = −
(
n˙χ± + 3
a˙
a
nχ±
)
≈ 0 . (10)
The last equality is valid when T  ∆mχ. Here a dot
denotes a derivative with respect to the conformal time.
We use the synchronous gauge following the notation of
Ref. [94],
ds2 = a2(−dτ2 + (δij + hij)dxidxj) , (11)
with hij being the metric perturbation in the Fourier
space k = |k|kˆ and decomposed as
hij = kˆikˆjh+
(
kˆikˆj − 1
3
δij
)
η . (12)
Until the next section, we consider only homogeneous
and isotropic components.
The evolution of the neutral wino temperature,
3mχTχ0nχ0 = gχ0
∫
d3p
(2pi)3
p2fχ0 , (13)
is governed by
T˙χ0 + 2
a˙
a
Tχ0 ≈ a
[
gχ±(Γdec + Γinela)e
−∆mχ/T
+2gχ0γela
] (
T − Tχ0
)
. (14)
Figure 1 compares the elastic and inelastic reaction rates
in this equation. As one can see, the elastic scattering
decouples earlier than the inelastic processes. Thus we
neglect the elastic scattering in the following. The inelas-
tic reaction rates decrease rapidly with decreasing tem-
perature below T ' ∆mχ due to the Boltzmann suppres-
sion, and drops below the Hubble expansion rate around
T ' 9.2 MeV.
Until then, the neutral wino is in kinetic equilibrium
with primordial plasma and thus is involved in an acous-
tic oscillation driven by photon pressure, called a dark
acoustic oscillation. Na¨ıvely, growth of the density con-
trast is suppressed below the horizon scale corresponding
to kinetic decoupling. We define the epoch of kinetic de-
coupling with (Γ/H)|T=Tkd = 4 as done in Ref. [95]. One
could identify T ' 9.2 MeV as a kinetic decoupling tem-
perature, at which the horizon scale is kkd = 1/τkd '
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FIG. 1: Reaction rates in the temperature evolution equation,
gχ±Γdec exp (−∆mχ/T ) (black), gχ±Γinela exp (−∆mχ/T )
(red), and 2gχ0γela (green), normalized by the Hubble ex-
pansion rate H.
0.11 /pc, and estimate the smallest protohalo mass as
Mna¨ıvekd =
4pi
3
ρχ,0τ
3
kd
' 1.1× 10−4M
(
Tkd
9.2 MeV
√
geff
10.75
)−3
,(15)
where geff counts the effective massless degrees of free-
dom. Here we replace the present total matter mass den-
sity ρm,0 in Ref. [95] by the present dark matter mass
density ρχ,0 since the baryon does not collapse into such
a small halo even with cold dark matter due to gas pres-
sure. Our na¨ıve estimate is already different from an esti-
mate in the previous literature [77] only considering elas-
tic processes, where Tkd ∼ 1 GeV and Mkd ∼ 10−11M.
However, as we see in the next section, the true evolution
of the density contrast is more complicated than na¨ıvely
expected due to the overshooting phenomenon.
III. EVOLUTION OF DENSITY
PERTURBATIONS
We remark again that the charged wino is in chemical
equilibrium with the neutral wino so that the evolution
of wino (dimensionless) density perturbations,
nχ±δχ± = gχ±
∫
d3p
(2pi)3
δfχ± , (16)
nχ0δχ0 = gχ0
∫
d3p
(2pi)3
δfχ0 , (17)
satisfies
δχ± ≈ δχ0 + ∆mχT δT , (18)
δ˙χ0 + θχ0 +
1
2
h˙
= −
(
n˙χ0
nχ0
+ 3
a˙
a
)
(δχ0 − δχ±)−
nχ±
nχ0
(
δ˙χ± + θT +
1
2
h˙
)
≈ 0 , (19)
4where δT = δT/T and θT = ik · u are (dimensionless)
temperature perturbation and velocity potential of the
thermal bath, respectively. The last equality is valid
when T  ∆mχ.
Meanwhile the evolution of velocity potential of the
neutral wino,
mχ0nχ0θχ0 = gχ0
∫
d3p
(2pi)3
(ik · p)δfχ0 , (20)
is governed by
θ˙χ0 +
a˙
a
θχ0 ≈ agχ±(Γdec + Γinela)e−∆mχ/T
(
θT − θχ0
)
.
(21)
Here we ignore sound speed of the neutral wino. We
take into account the sound speed or generically free-
streaming effect by multiplying the resultant δχ0 by
exp
(
− k
2
2kfs(τ)2
)
, (22)
with
k−1fs =
√
6Tkd
5mχ0
∫ τ
τ∗
dτ ′
a(τ ′)/akd
≈
√
6Tkd
5mχ0
τkd ln
(
τeq
τ∗
)
, (23)
and τ∗ = 1.05τkd, as suggested in Ref. [95]. The second
equality is valid long after matter radiation equality and
τeq is the conformal time at matter radiation equality.
One obtains a closed set of equations by combining
the above wino equations with the radiation equations
and the Einstein equations [94]. We start our numeri-
cal integration of δχ when the mode is in superhorizon
and the neutral wino tightly couples with radiation. We
stop it when the neutral wino kinetically decouples and
δχ starts to logarithmically grow in deep subhorizon as
δc. Figure 2 shows the resultant wino dark matter power
spectrum at τeq normalized to the cold dark matter one.
One can see a dark acoustic oscillation below the horizon
scale at kinetic decoupling as expected. A striking fea-
ture is that peak powers of the dark acoustic oscillation
are ∼ 10 times larger than the cold dark matter powers.
This is the overshooting phenomenon, which takes place
when kinetic decoupling proceeds suddenly, γ˙/H  aH
at γ/H = 4 [88].
As is well known in the baryon acoustic oscillation [96–
98], the oscillation amplitude of an acoustic wave is con-
stant and undamped as long as radiation dominates the
entropy of primordial plasma. Damping of a dark acous-
tic oscillation arises from intermittent collisions around
kinetic decoupling, which mixes up different oscillation
phases and averages out the oscillation. This is why it
is sometimes called Landau damping in the literature.
If kinetic decoupling proceeds instantaneously, there is
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FIG. 2: Wino dark matter power spectrum at τeq normalized
to the cold dark matter one.
no damping mechanism other than free-streaming of a
dark matter particle or a particle with which a dark
matter particle scatters (collisionless damping or Silk
damping [99], respectively). Reference [88] argues that
in such a case, not only is the dark acoustic oscillation
undamped, but its peak powers also exceed cold dark
matter powers. This is because a supersonic motion of
dark matter fluid, which is a remnant of the dark acous-
tic oscillation, further compresses dark matter fluid after
kinetic decoupling.
In Fig. 2, the wino matter power spectrum multiplied
by the free-streaming factor is also shown. One sees that
damping of dark acoustic oscillation peaks is determined
practically by free-streaming, kfs ' 3.5 /pc for Tkd =
9.2 MeV. Its cutoff mass is estimated by analogy to the
Jeans mass as [100]
Mfs =
4pi
3
ρχ,0
(
pi
kfs
)3
' 1.0× 10−7M
(
Tkd
9.2 MeV
√
geff
10.75
)−3
×
(
ln
(
Tkd
9.2 MeV
√
geff
10.75
))3
. (24)
We note that fudge factors, (γ/H)|T=Tkd = 4 and
τ∗/τkd = 1.05, are calibrated in bino dark matter [95].
These values could change only slightly in our wino dark
matter case. One needs to follow a full Boltzmann hier-
archy to identify the precise values, but it is beyond the
scope of this work. One also needs to take into account
quantum chromodynamics phase transition, neutrino de-
coupling, and e± annihilation. We estimate that they
may change our result up to 10%. (This estimation is
presented in Appendix A.)
5IV. IMPACTS ON INDIRECT DETECTIONS
To demonstrate the impact of the matter power spec-
trum in wino dark matter on indirect detection exper-
iments, we compute the annihilation boost factor B,
which is defined for a given field halo mass M as
L(M) = (1 +B(M))L¯(M) , (25)
where L is the total luminosity and L¯ is the luminosity
of the smooth component. B(M) is a sum of subhalo
contributions [101–103],
B(M) =
1
L¯(M)
∫ M
mmin
dm
dNsh
dm
Lsh(m) , (26)
with dNsh/dm being the subhalo mass function. To com-
pute Eq. (26), one needs to know dNsh/dm as well as
the density profile of subhalos. We follow the method of
Ref. [104], which analytically describes how these quan-
tities evolve. They successfully reproduce results of N-
body simulations, in particular, by taking into account
tidal mass stripping that subhalos undergo inside their
hosts. (A brief summary of the method is presented in
Appendix B.)
Figure 3 shows the subhalo boost factor B(M) of dark
matter annihilation as a function of the mass of host halos
M . It is manifested that, in the case of wino dark matter,
the substructure boost factor is significantly enhanced
when compared to the case of the na¨ıve model featuring
a sudden cutoff at Mfs = 10
−7M (which we refer to
as CDM). We find that the effect is as large as ∼30%
for relatively large halos (galaxies, clusters, etc.), even
though this affects only subhalos with very small masses,
m . 10−5M.
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FIG. 3: The annihilation boost factor B(M) as a function of
the mass of host halos M at z = 0 and 2. The case of wino
dark matter (solid) is compared with that of CDM (dotted).
V. CONCLUDING REMARKS
Thermal wino dark matter is a promising clue of split
supersymmetry, which can be considered as one of the
most attractive new physics after the Higgs discovery. A
combination of indirect detection experiments has the po-
tential to rigorously explore wino dark matter in the near
future. To this end, astrophysical uncertainties should
be understood in more detail. In this work, we have
provided a rigorous estimate of the boost factor by tak-
ing into account two overlooked aspects of the wino dark
matter density contrast. First, the neutral wino is in
kinetic equilibrium with primordial plasma not through
elastic processes, but through inelastic processes involv-
ing the charged wino. Resultantly, kinetic decoupling
temperature is around 9.2 MeV, 2 orders of magnitude
smaller than expected in the previous literature. Sec-
ond, a dark acoustic oscillation of the neutral wino shows
the overshooting phenomenon; namely, its peak pow-
ers of dark acoustic oscillations are larger than the cold
dark matter case. It follows that free-streaming after
kinetic decoupling, rather than the dark acoustic oscil-
lation, determines the smallest halos of wino dark mat-
ter. The implications of our result are not limited in
indirect detection experiments. Potential investigation
of the small-size halo abundance, e.g., in a pulsar tim-
ing array [105, 106], has been proposed. Further studies
including a set of dedicated N -body simulations are war-
ranted.
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Appendix A: Evolution of Density Perturbations
First, we summarize 1) the radiation equations and 2)
the Einstein equations, which are followed simultaneously
with the wino equations [Eqs. (18) and (21)].
1) Before neutrino decoupling around T ∼ 2 MeV, one
can reliably use a perfect fluid description of primordial
6plasma,
δ˙r +
4
3
θr +
2
3
h˙ = 0 , (A1)
θ˙r − 1
4
δr = 0 , (A2)
σr = 0 , (A3)
where δr, θr, and σr are density perturbation, veloc-
ity potential, and anisotropic stress of radiation, respec-
tively. Note that δT = δr/4 and θT = θr.
2) Einstein equations during radiation domination are
given by [94]
k2η − 1
2
a˙
a
h˙ = −3
2
(
a˙
a
)2
δr , (A4)
k2η˙ =
3
2
(
a˙
a
)2
(1 + wr)θr , (A5)
h¨+ 2
a˙
a
h˙− 2k2η = −3
(
a˙
a
)2
c2s,rδr , (A6)
h¨+ 6η¨ + 2
a˙
a
(h˙+ 6η˙)− 2k2η
= −9
(
a˙
a
)2
(1 + wr)σr , (A7)
where wr = 1/3 and c
2
s,r = δPr/δρr = 1/3 are the equa-
tion of state and the sound speed of radiation, respec-
tively.
Second, we discuss the initial conditions. In the tight-
coupling limit, adiabatic perturbations are given by
η = 4C
1− cosx
x2
, (A8)
h˙ = −24C
τ
(
2
x
sinx+
2
x2
cosx− 2
x2
− 1
)
, (A9)
δr = −8C
(
2
x
sinx− cosx+ 2
x2
cosx− 2
x2
)
,(A10)
θχ0 = θr = −6C
τ
(−x sinx− 2 cosx+ 2) , (A11)
δχ0 = 12C
(
1− cosx
x2
+
1
2
cosx− sinx
x
)
, (A12)
where x = kτ/
√
3 and C is the initial amplitude of η/2.
This set of initial conditions fixes the residual gauge de-
grees of freedom in the synchronous gauge [86]. For com-
parison, cold dark matter (θcdm = 0) evolves as
δcdm = 12C
(
1− cosx
x2
+ Ci(x)− lnx− sinx
x
)
,(A13)
with the cosine integral Ci.
Third, we compare our numerically obtained power
spectrum ratio (Fig. 2 in the main text) with an analytic
result. References [88] developed an analytic approach
to the evolution of the density perturbations by assum-
ing Γ/H = (τkd/τ)
n. One finds that the resultant power
spectrum ratio is approximated by
δ2χ0
δ2cdm
≈ cN 4pi
n
exp
(
− k
kdamp
)(
k
2
√
3kkd
)3
× sin2
(
k√
3kkd
)
, (A14)
kdamp = cdamp
n
pi
√
3kkd , kkd =
ckd
τkd
, (A15)
for k  τkd and n 1. All the fudge factors, cN , cdamp,
and ckd, are unity in the case of Γ/H = (τkd/τ)
n. For our
wino dark matter, we numerically find n ' 15 at τ = τkd.
The above expression matches to the numerical result,
when the fudge factors are cN ' 0.91, cdamp ' 0.95, and
ckd ' 1.05, as in Fig. 4.
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FIG. 4: Comparison of the power spectrum ratios at τeq with
and without neutrino diffusion. The analytic expression given
by Eqs. (A14) and (A15) is also shown.
Fourth, we discuss the impact of neutrino diffusion on
the resultant power spectrum ratio. The neutrino starts
to free-stream around T ∼ 2 MeV. One needs to derive
and follow the neutrino full Boltzmann hierarchy with
collision terms to take into account diffusion consistently.
Since it is beyond the scope of this work, here we take
a practical approach instead. We introduce the collision
term by hand as
δ˙γ +
4
3
θγ +
2
3
h˙ = a
rν
rγ
γν0(δν − δγ) , (A16)
θ˙γ − 1
4
δγ = a
rν
rγ
γν1(θν − θγ) , (A17)
σγ = 0 , (A18)
7and
δ˙ν +
4
3
θν +
2
3
h˙ = aγν0(δγ − δν) , (A19)
θ˙ν − 1
4
δν = aγν1(θγ − θν) , (A20)
σ˙ν − 4
15
θν +
3
10
kFν3 − 2
15
h˙− 4
5
η˙ = −aγν2σν ,(A21)
F˙ν,` − k
2`− 1 [`Fν,` − (`+ 1)Fν,`+1] = −aγν`Fν,`
for ` ≥ 3 , (A22)
where we followed the notation of Ref. [94] except for the
collision terms. Here, γν` is the contribution of the neu-
trino collision term to the multipole `. We approximate
γν` by
γν` = (GFT )
2 [cνe`ne(T ) + cνν`nν(T )] , (A23)
where cνe` and cνν` are fudge factors. The number den-
sities of the electron and neutrino are ne(T ) = nν(T ) =
(3/2)(ζ(3)/pi2)T 3, counting 2 degrees of freedom for each.
We take both cνe` and cνν` to be unity in our numerical
analysis, so that γν` ≡ γν is independent of `. rγ = 1−rν
is the photon+electron fraction of radiation and
rν '
{
0.405 after e± annihilation
0.488 before e± annihilation
(A24)
is the neutrino fraction of radiation. We set rν = 0.488
in our numerical analysis.
Meanwhile, in the wino equations [Eqs. (18) and (21)],
we set δT = δγ/4 and θT = θγ . In the Einstein equations
[Eqs. (A4)–(A7)], we set δr = rγδγ + rνδν , θr = rγθγ +
rνθν , and σr = rγσγ + rνσν . Figure 4 compares the
power spectrum ratios δ2χ0/δ
2
cdm at τeq calculated with
and without neutrino diffusion. We find that neutrino
diffusion affects the ratios only slightly.
Last, we comment on a caveat when one evaluates the
present wino power spectrum. We follow the evolution of
the wino or cold dark matter density contrasts until the
neutral wino kinetically decouples and δχ starts to loga-
rithmically grow in deep subhorizon as δc and extrapo-
late the growth till the matter radiation equality τeq. In
the calculation of the boost factor, we simply multiply
the power spectrum ratio at τeq to the present matter
power spectrum in cold dark matter that is generated by
a public code CAMB [107]. We remark that a public code
like CAMB or CLASS [108] takes into account only physics
around last scattering. Thus the above procedure ignores
the effects of quantum chromodynamics (QCD), neutrino
decoupling, and e± annihilation. To be consistent, we
should use just the free-streaming neutrino in cold dark
matter but also take into account these effects in wino
dark matter, when calculating δ2χ0/δ
2
cdm. However, it is
beyond the scope of this work. In the following, instead,
we estimate the impacts of these effects.
QCD crossover takes place around Tc ' 180 MeV [109,
110] (150 MeV [111, 112]). It could change, for example,
the equation of state of primordial plasma up to 30% and
thus the evolution of the density contrast. Our dark mat-
ter power spectrum would suffer from this uncertainty
above k ∼ 2 /pc, which is comparable with kfs. If QCD
phase transition is first order, the evolution of the density
contrast would be further amplified [113].
Although the power spectrum ratios do not change
with and without neutrino decoupling (see Fig. 4), the
power spectrum itself is affected by neutrino decoupling
even in cold dark matter. In addition, e± annihilation
below T ' 511 keV changes the equation of state of pri-
mordial plasma up to 10%, which results in up to 10%
change in the density contrast with k ∼ 2×10−3 /pc [95].
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Even large-scale modes, which are superhorizon at the
time of neutrino decoupling, get enhanced by neutrino
free-streaming when compared to the case of the interact-
ing (perfect fluid) neutrino [98]. We define the neutrino
8decoupling time τ
(ν)
dec as the time that satisfies γν/H = 4
in a similar manner to the kinetic decoupling of wino
dark matter. The diffusion scale k
(ν)
diff can be estimated
as [114]
k
(ν)
diff(τ)
−2
=
∫
dτ
8
45
1
ρr + Pr
ρντν , (A25)
where τν = 1/(aγν) is the conformal mean free time of
the neutrino. Figure 5 shows the evolution of the diffu-
sion and horizon scales as function of the temperature.
To see the impact of free-streaming explicitly, in Fig. 6
we show the ratio of the cold dark matter power spec-
tra at τeq with and without neutrino diffusion and free-
streaming. The change in the power spectrum is up to
15%. For reference, the horizon scale k
(ν)
dec(= 1/τ
(ν)
dec) and
the neutrino diffusion scale k
(ν)
diff(= 1/τ
(ν)
diff) at the neu-
trino decoupling are also shown. One can see a transition
in the ratio, which takes place at k
(ν)
dec . k . k
(ν)
diff . Above
this neutrino diffusion hardly affects the cold dark mat-
ter perturbations. Below this the ratio converges to the
result of Ref. [98] that estimates the effect of neutrino
free-streaming on cold dark matter perturbations.
Appendix B: Calculation of Boost Factor
We briefly summarize how we estimate the boost fac-
tor according to Ref. [104]. To compute Eq. (26) in the
main text, one is required to know the mass function and
inner density profile of subhalos, which can be achieved
by tracing how subhalos form and evolve. Evolution of
subhalos can be divided into two stages with accretion
onto host halos as a border.
Before accretion, subhalos form and evolve as field
halos. With their evolution well described by the ex-
tended Press-Schechter formalism, their accretion rate
onto a progenitor of the host can be also given accord-
ingly. Denoting the subhalo mass and the redshift at ac-
cretion respectively as macc and zacc, the accretion rate
d2Nsh/d lnmacc/dzacc we adopt is [115]
d2Nsh
d lnmaccdzacc
= F (sacc, δacc|S0, δ0; M¯acc) dsacc
dmacc
dM¯acc
dzacc
,
(B1)
with M¯acc being the (mean) mass of a host progenitor
(that eventually evolves into a mass M0 at z = z0) at
zacc. In Eq. (B1), sacc = σ
2(macc, z = 0) is the vari-
ance of overdensity smoothed at a scale corresponding to
macc and δacc = δc(zacc) = 1.686/D(zacc) is the critical
overdensity at zacc. Similarly, S0 = σ
2(M0, z = 0) and
δ0 = δc(z), which gives the boundary condition for the
host halo evolution. The definition of F in Eq. (B1) is
given shortly below.
For the mass evolution of the host, we adopt the fitting
formula given in Ref. [116]. The probability distribution
of the host mass P (Macc|S0, δ0) approximately follows
the log-normal distribution with a logarithmic dispersion
of
σlogMacc = 0.12− 0.15 log
(
M¯acc
M0
)
. (B2)
The mean value of M¯acc is given by
M¯acc (z|M0; z = 0) = M0(1 + z)α exp(βz) , (B3)
β = −g(M0) , (B4)
α =
[
1.686
√
2/pi
D2(z = 0)
dD
dz
∣∣∣∣
z=0
+ 1
]
g(M0) , (B5)
g(M0) = [S0(M0/q)− S0(M0)]−1/2 , (B6)
q = 4.137z˜−0.9476f , (B7)
z˜f = −0.0064(logM0)2 + 0.0237(logM0) + 1.8837 .
(B8)
The definition of F in Eq. (B1) is given as
F (sacc, δacc|S0, δ0; M¯acc)
=
∫
Φ(sacc, δacc|S0, δ0;Macc)P (Macc|S0, δ0) dMacc ,
(B9)
Φ (sacc, δacc|S0, δ0;Macc)
=
[∫ ∞
S(mmax)
dsaccF (sacc, δacc|S0, δ0;Macc) dsacc
]−1
×
{
F (sacc, δacc|S0, δ0;Macc) (macc ≤ mmax)
0 (otherwise)
,(B10)
F (sacc, δacc|S0, δ0;Macc)
=
1√
2pi
δacc − δM
(sacc − SM )3/2 exp
[
− δacc − δM
2(sacc − SM )
]
, (B11)
where mmax = min[Macc,M0/2], Mmax = min[Macc +
macc,M0], SM = σ
2(Mmax), and δM is defined as δc(z)
at z when M = Mmax.
In addition, as born as field halos, the inner density
profile of subhalos at the moment of accretion is given
by the Navarro-Frenk-White (NFW) one [117, 118],
ρ =
ρs
(r/rs)(1 + r/rs)2
. (B12)
The concentration parameter of subhalos is given by
c = rv/rs, where rv is their virial radius. We assume that
the concentration parameter obeys the log-normal distri-
bution with the standard deviation of σlog c = 0.13 [119].
For the mean value of the halo concentration, we adopt
the fitting formula in Ref. [120]. In terms of c200 =
c r200/rv (see Ref. [121] for conversion), with r200 be-
ing the radius within which the averaged mass den-
sity is 200 times as large as the homogeneous one, the
9concentration-mass relation is given as
log c200 = α+ β log
(
M200
M
)[
1 + γ log2
(
M200
M
)]
,
(B13)
α = 1.7543− 0.2766(1 + z) + 0.02039(1 + z)2 , (B14)
β = 0.2753− 0.00351(1 + z)− 0.3038(1 + z)0.0269 ,
(B15)
γ = −0.01537− 0.02102(1 + z)−0.1475 , (B16)
for z ≤ 4 and
log c200 = α+ β log
(
M200
M
)
, (B17)
α = 1.3081− 0.1087(1 + z) + 0.00398(1 + z)2 ,
(B18)
β = 0.0223− 0.0944(1 + z)−0.3907 , (B19)
for z > 4. In contrast to the concentration-mass relation
extrapolated from galaxy- or cluster-sized halos with a
single power law (for instance, Ref. [122]), Ref. [120] gives
one flattened towards smaller masses.
Once accreted onto host halos, subhalos undergo tidal
mass splitting as they orbit in the gravitational field of
hosts. The mass-loss rate we adopt is [103, 104]
m˙(z) = −A m(z)
τdyn(z)
[
m(z)
M(z)
]ζ
, (B20)
where
τdyn =
√
3pi
16Gρ¯h
(B21)
is the dynamical time scale associated to the host
halo [123], whose mean density is ρ¯h, and the coefficients
A and ζ are given as
logA =
[
−0.0003 log
(
M(z)
M
)
+ 0.02
]
z
+ 0.011 log
(
M(z)
M
)
− 0.354 , (B22)
ζ =
[
0.00012 log
(
M(z)
M
)
− 0.0033
]
z
−0.0011 log
(
M(z)
M
)
+ 0.026 . (B23)
G is the gravitational constant. The mass-loss rate is
integrated to give mass evolution of subhalos after accre-
tion. Given mass evolution, subhalo mass function can
be obtained from the initial condition given by the ac-
cretion rate Eq. (B1). In addition, we assume that the
subhalo profile is given as the NFW one truncated at rt,
ρ =

ρs
(r/rs)(1 + r/rs)2
(r ≤ rt)
0 (otherwise)
. (B24)
We assume that ρs and rs evolve according to Ref. [124]
in the course of tidal stripping, and then obtain evolution
of rt from the mass-conservation condition [103, 104].
Provided the above prescription for the evolution of
subhalos, one can solve Eq. (26) in the main text numer-
ically. Specifically, we compute
B(M) =
1
L¯(M)
∫
d lnmacc
∫
dzacc
dNsh
d lnmaccdzacc
×
∫
dcaccP (cacc|macc, zacc)LshΘ[rt − 0.77rs] ,
(B25)
where P (cacc|macc, zacc) is the probability distribution
of the cacc, which is given above. In the above ex-
pression, the Heaviside function indicates that subhalos
whose truncation radius is smaller than 0.77 times rs
do not contribute to the boost factor, since those sub-
halos are supposed to be totally disrupted according to
Ref. [125]. Omitting substructures inside subhalos (i.e.,
subsubhalos), the luminosity of each subhalo Lsh is pro-
portional to a volume integral of the density squared.
The profile in Eq. (B24) yields
Lsh ∝ ρ2sr3s
[
1− 1
(1 + rt/rs)3
]
, (B26)
which is specified once macc, zacc, and the concentra-
tion parameter at the accretion cacc are given. It is
rather straightforward to incorporate effects of subsub-
halos (and even their substructures) [103, 104]. Mean-
while, the luminosity of the host’s smooth component
L¯(M) can be obtained by replacing rt/rs with the con-
centration parameter of the host c in Eq. (B26).
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FIG. 7: The subhalo mass function dNsh/d lnm multiplied
by the gamma-ray luminosity from dark matter annihilation
in the subhalos Lsh (in arbitrary units) for a host halo with
mass Mhost = 10
12M in the case of wino dark matter (blue)
and CDM (orange).
Figure 7 shows the integrand of Eq. (26) in the main
text, LshdNsh/d lnm, for a host halo with the mass of
Mhost = 10
12M. It is manifested that the subhalo con-
tributions to the boost factor are significantly enhanced
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around m = Mfs and suppressed at smaller scales. This is
exactly what we expect from the matter power spectrum
in Fig. 2 in the main text, which exhibits boosted acous-
tic peaks and suppressed power within the free-streaming
length. Even though this affects only subhalos with very
small masses, m . 10−5M, we find that the overall
boost factor (after integrating over the subhalo masses)
becomes larger than that of a na¨ıve model with a sudden
cutoff at Mfs = 10
−7M (which we refer to as CDM) by
about 30%.
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